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Abstract 
In order to respond the need for a simple, reliable and cost-effective tool for displacement measurements with a 
nanometer and sub-nanometer resolution, a fully functional test and evaluation set-up has been designed. 
MEMS devices with sidewall embedded piezoresistors have been bonded directly on low-noise amplifier board. The 
mechanical set-up provides dual axial approach and testing capabilities in the range of 25 μm with a resolution of 0.4 
nm. Displacement sensitivity of 6.1 mV/nm at x1000 gain of integrated amplifier has been demonstrated. 
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1. Introduction 
Handling of micro-objects with nm-resolution is one of the most important issues of present day 
science and technology. The need for simple, reliable and non-expensive method for such a manipulation 
has been recognized for more than a decade [1]. But, there is still very limited number of real apparatus 
revealing nm-resolution at no special conditions required such as: controllable ambient, constant 
temperature, low vibration levels, etc. The most common methods of sensing nm and sub-nm variables 
(like AFM, direct capacitive sensing, etc.) demand place and/or quite comprehensive acquisition 
apparatus. Hence, there is a room for development of measuring systems, enabled by simple and reliable 
gauge, to provide nm-resolution at affordable cost of ownership.  
In continuation of efforts to develop a reliable method for manipulation and/or measurement in low 
frequency domain, a unit for use in such applications has been designed. A test bench for characterization 
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of cantilevers with sidewall embedded piezoresistors has been developed. Using it, MEMS sensors have 
been tested in a displacement range of 25 ȝPZLWKVXE-nanometer resolution. 
2. Theory of operation  
The most important part of the sensor is the single crystal silicon MEMs device with half bridge side- 
wall piezoresistors [2]. Two kinds of displacement MEMS sensors have been developed – for axial and 
for lateral displacement. In Fig. 1(a) an axial displacement sensor with moveable arm 1 is represented. On 
the sidewall of the arm supporting beam 2 the two sensor resistors 3 and 3¶ in series are placed, as 
demonstrated in Fig. 1(b). Due to bending of the arm supporting beam 2 counter phase change in the two 
resistors has been observed, thus doubling the sensing signal on voltage output 4. The resistors have a 
well matched by process value in the range of 1 kȍ and the thermal noise of 4 nV/Hz1/2 per resistor has 
been calculated. The measurements carried out in an independent laboratory correspond within 2% of this 
expected value. Since the typical sensitivity of the currently developed sensor is approximately 2.5 
μV/nm there is enough headroom to make nm measurements even with a bandwidth of better than 3 kHz. 
Considering 3 kHz BW and (4KBǻFR)1/2 we get 0.222 μV RMS thermal noise value. 20 dB S/N ratio is 
enough to determine better than 1nm displacement. Of course, this consideration depends strongly on the 
electronics design, but up to date instrumentation amplifiers have noise better than 1nV/Hz1/2, that have 
an RMS impact of about 55 nV RMS.  
Since the sensors have a dynamic range in a range far beyond 25μm down to 0.1 nm a very precise, 
noiseless and low temperature drift offset compensation is required. At an amplification gain of x1000, 
offset error of 1.3-1.4 P9ZLOOVDWXUDWHWKHDPSOLILHU7KDW¶VZK\H[WUDFRQVLGHUDWLRQVhave been done in 
order to achieve the best possible dynamic range, thou not loosing small range sensitivity. 
 
 
 
 
 
 
 
 
 
 
 
  (a)      (b) 
Fig. 1. (a) SEM micrograph of axial displacement sensor and location of the basic structure elements with embedded piezoresistors 
and (b) schematic representation of the basic structure elements: 1- moveable arm, 2 – arm supporting beam, 3 and 3¶– sidewall 
embedded piezoresistors, 4 – voltage output 
 
For all further measurement an axial sensor has been investigated since there is no theoretical 
expectation of any principal differences in terms of sensitivity and noise level. 
3. Measurement setup ± considerations and verification 
A mechanical unit, having two orthogonal linear micrometric stages for both: sensor-to-sample 
positioning and measurement, has been designed. The general view of the test bench is shown in fig. 2(a). 
The axial stage is chosen with integrated piezo-actuator that allows precise positioning in the range of 
ȝPZLWKDUHVROXWLRQEHWWHUWKDQ nm [3]. Precautions have been taken in order to eliminate the loose 
move between micrometer gauge and piezo-actuator. A fully automated, LabView based system has been 
used to control the actuating amplifier and collect the sensor data. Well considered thermal compensation 
593Vencislav Todorov et al. / Procedia Engineering 25 (2011) 591 – 594
of the mechanical setup has been done in order to avoid eventual thermal strain. The piezo actuator has 
been calibrated with a commercial laser vibrometer. The ascertained strain is 25 nm/V. This result 
corresponds very exactly with the nominal displacement at 1000 V according to manufacturer data-sheet. 
The displacement error due to mechanical mounting, friction and spring pressure has been neglected, 
since the actuating force is much greater than the forces caused by those factors. That’s why further 
measurements have been made only in feed forward mode, taking into account a potential 10% error. This 
is affordable since the main aim of the investigation is to prove the capability of the sensor to detect sub-
nm displacement. 
 
 
 
 
 
 
 
 
 
 
 
  (a)      (b) 
Fig.2. Optical photos of: (a) mechanical test unit and (b) zoomed axial displacement sensor bonded on low noise amplifier board.  
 
The integrated sensor bonded on low noise amplifier board is shown in fig. 2(b). The gain used for the 
represented measurements is either x100 or x1000 and the integrated sensor allows bridge offset 
compensation. The electronics has been developed taking into account noise effects of resistors, 
semiconductors, etc. The thermal drift of the electronic components is considered, as well. The power 
consumption of the module is kept low in order to decrease thermal raise. In order to ease the usage of the 
sensor in different applications, a smallest form factor of the electronics is targeted. This led to a multi 
layer design with direct bonding of the MEM sensor on the board. The layout is developed considering 
robustness against electro – magnetic disturbances.  
The sensor supplied with +/-10V. The x100 gain allows higher measurement range at cost of 
resolution, the x1000 gain allows very high resolution, but the sensor saturates at several μm 
displacement. The experiments with this setup show a good coverage with the theoretical expected 
results, as further described.  
In order to make dynamic measurements an additional piezo actuator has been mounted on the spring 
and contacting the sensor directly. This has been made to have a straight transmission, avoiding stacking 
due to friction between the different mechanical parts. The added actuator is the type AE0505D08F from 
NEC TOKIN [4]. It has also been calibrated with the laser vibrometer and showed displacement of about 
0.15 nm/10mV – result in a very good matching to the device data-sheet. Again –since the driving force 
of the actuator is 850 N and measurements have been done in feed forward mode.  
The measurement of the static displacement capability has been made with a dedicated LabView 
program. It utilizes the control over a high voltage supply for the piezo actuator and data acquisition with 
a digitally controlled high precision voltmeter. The program controls a voltage ramp with predetermined 
step, dwell-time and averaging rate. The dynamic displacement has been measured with a digital scope 
(LeCroy Wave Surfer 452). Bridge offset compensation is made manually with high precision voltage 
reference source.  
The use of a Lock in amplifier proves be a good approach for practically noise free measurement for 
static displacement. This is a more comprehensive and cost intensive method, but this could be a good 
trade off for highest precision demands. This approach will be subject of further investigations. 
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4. Static and dynamic measurements of displacement 
The result of the static displacement measurement can be seen in Fig. 3a. The experiment has been 
made in the range of 2.5 μm with step 2.5 nm and averaging rate 1. The preset gain is x100. Although 
practically no averaging has been done the result is very noiseless and quite linear. The slight curve that 
can be observed depicts the typical behavior of a piezo actuator – its displacement is not perfectly linear. 
This effect has been minimized after initial polarization of the piezo-actuator. On the Y axis of the graph 
is represented the voltage on the actuator. Each volt corresponds to 25 nm displacement. Thus the step of 
2.5 nm corresponds to 0.1 V applied to the actuator. The response of the sensor has been estimated to 
1.532 mV/step. This shows sensor sensitivity of 600 μV/nm. The same sensor, but with gain of x1000, 
shows exactly the same behavior. These measurements prove sensor sub-nm resolution capability.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. Experimentally measured: (a) static displacement as a function of piezo-actuator voltage and (b) 103.5 Hz with 0.4 nm peak-
to-peak actuation.  
 
Further, experiments to determine the capability of the sensor to resolve sub-nm displacement and 
additionally the bandwidth of the measurement have been carried out. The result of axial 0.4 nm peak-to-
peak displacement with a gain x1000 can be seen in Fig. 3(b). Sensitivity of 6.1 mV/nm has been 
calculated – this corresponds very well to the sensitivity of the static measurement.  
5. Conclusions 
A complete unit for static and dynamic evaluation and test of MEMS displacement sensors with sidewall 
embedded piezoresistors has been developed. It proves to be capable of measuring displacement in sub-
nanometer range. Being cost-effective, it is applicable for static and periodic measurements with better 
than 3 kHz bandwidth.  
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